Initiation of protein folding by light can dramaticafly improve the time resolution of kinetic studies. Here we present an example ofan optically triggered folding reaction by using nanosecond photodissociation of the heme-carbon monoxide complex of reduced cytochrome c. The optical trigger is based on the observation that under destabilizing conditions cytochrome c can be unfolded by preferential binding of carbon monoxide to the covalently attached heme group in the unfolded state. Photodissociation of the carbon monoxide thus triggers the folding reaction. We used time-resolved absorption spectroscopy to monitor binding at the heme. Before folding begins we observe transient binding of both nonnative and native ligands from the unfolded polypeptide on a microsecond time scale. Kinetic modeling suggests that the intramolecular binding of methionine-65 and -80 is faster than that of histidine-26 and -33, even though the histidines are doser to the heme. This optical trigger should provide a powerful method for studying chain collapse and secondary structure formation in cytochrome c without any limitations in time resolution.
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Protein folding generally occurs in two phases, one rapid and one slow. The rapid phase is the collapse of the unfolded polypeptide into a compact structure and the formation of secondary structure. The slow phase is the subsequent, often multistep rearrangement to the native conformation (1) (2) (3) (4) (5) (6) (7) . Because of the limited time resolution (milliseconds) of conventional stopped-flow mixing experiments, the complete time course of protein folding has not yet been observed. A dramatic improvement in time resolution would result if protein folding could be initiated by light.
Here we present an example of an optically triggered folding reaction. We take advantage of the fact that under destabilizing conditions cytochrome c can be unfolded by preferential binding of carbon monoxide (CO) to the covalently attached heme group in the unfolded state. The folding reaction can thus be triggered by photodissociating the CO complex. In this study, we used time-resolved absorption spectroscopy with nanosecond lasers to monitor binding events at the heme (8) (9) (10) (11) . Although rebinding of CO prevents the complete formation of the native conformation, the rapid recovery of the sample permits repetitive photolysis and therefore the acquisition of high signal/noise transient spectra for investigating submillisecond events. Simulations of the multiwavelength data with kinetic models were carried out to generate the spectra of intermediates, as well as the rate constants connecting them. We find that before folding begins there is transient binding of both nonnative and native ligands from the unfolded polypeptide chain on a microsecond time scale.
MATERIALS AND METHODS
Tye VI horse heart cytochrome c from Sigma was purified by ion-exchange chromatography using carboxymethyl-cellulose (Whatman) (12) , reduced with sodium dithionite anaerobically, and separated anaerobically from the sodium dithionite by gel filtration on Sephadex G-25M (Pharmacia). The solutions for fluorescence and circular dichroism measurements contained 15 pM cytochrome c, 0.1 M potassium phosphate buffer (pH 6.5), and 200 p.M sodium dithionite. They were prepared anaerobically, equilibrated with either argon or CO, and sealed in 1-cm square cuvettes with dental wax and glyptal varnish. The fluorescence measurements were performed with an SLM 8000 fluorimeter (SLM Aminco, Urbana, IL) and were corrected for self-absorption by the heme and sodium dithionite. The circular dichroism measurements were performed with a Jasco 710 spectropolarimeter (Jasco, Easton, MD).
For time-resolved absorption measurements, the solutions contained 106 ,uM cytochrome c, 200 ,uM sodium dithionite, and 0.1 M potassium phosphate (pH 6.5) and were sealed under a CO atmosphere in 350-,um cuvettes. The measurements were made with a nanosecond spectrometer as described (10, 13, 14) . The instrument is based on two Q-switched Nd/YAG (yttrium/aluminum garnet) lasers producing 10-ns (full width at halfmaximum) pulses. The 532-nm second harmonic of one laser photolyzes the sample. The 366-nm third harmonic of the second laser excites the spontaneous emission of a dye (stilbene 420), which is used as a broadband probe source for measuring the transient spectra. A silicon vidicon tube read by an optical multichannel analyzer detector controller is used for detection. The data were filtered by using singular value decomposition, and offsets due to shot-to-shot variations in laser intensity were removed by the procedure described by Jones et al. (10) .
RESULTS AND DISCUSSION
The basis for our optical trigger is given in Fig. 1 , which shows the guanidine hydrochloride (Gdn HCl)-induced unfolding curve of reduced horse heart cytochrome c in the presence and absence of CO at 40°C, as measured by tryptophan fluorescence. There is a single tryptophan in horse cytochrome c at position 59 (Fig. 2) . Its fluorescence is almost completely quenched in the native protein by energy transfer to the heme (15, 16) . Unfolding results in an increase in the heme-tryptophan distance and, consequently, an increase in the fluorescence yield (15) (16) (17) (18) (19) (20) .
In the absence of CO, the unfolding transition begins at -4. ence of CO, the equilibrium is driven toward the unfolded state because CO preferentially binds to the heme ofunfolded cytochrome c, and the unfolding transition occurs at a much lower Gdn HCl concentration (cm = 3.7 M Gdn HCl). Thus, at a Gdn*HCl concentration of =4.6 M, photodissociation of CO will initiate the transition from the unfolded to the folded state (Fig. 2) . The same conclusion is obtained from circular dichroism measurements of secondary structure content ( Fig. 1 Inset). Since CO is known to photodissociate from hemes in <1 ps (21) (22) (23) , these findings introduce the possibility of studying the fastest processes in the folding of cytochrome c by pulsed-laser technology. Fig. 3 shows the primary kinetic data from the present study with nanosecond laser pulses. They consist of a series oftime-resolved difference absorption spectra in the region of the intense porphyrin ir--ra band at time delays from 10 ns to 1 s after photodissociation of the heme-CO complex of reduced cytochrome c in 4.6 and 5.6 M Gdn HCl at 40°C. The overall amplitude of the difference spectra decreases with time due to CO rebinding. There are also large timedependent changes in the spectrum of the photoproduct ( Fig.  3 dand h ), indicating changes in the axial ligands ofthe heme. Two of these ligation states are readily identified. Fig. 4 shows the absolute spectra ofthe immediate photoproduct (at =10 ns) and the final photoproduct (t > 5 ms) observed in the 4.6 M Gdn-HCl data, as well as the spectrum of native reduced cytochrome c. The peak extinction coefficient, wavelength maximum compared to that of the CO complex, and bandshape of the immediate photoproduct spectrum are very similar to those of deoxymyoglobin. From this result, we conclude that the iron is in a five-coordinate (high spin) complex with histidine-18 and the porphyrin and therefore no ligands have replaced the photodissociated CO in <10 ns.
The final photoproduct rebinds CO very slowly and exhibits a spectrum that is virtiially superimposable on that of native reduced cytochrome c (the lack of complete rebinding between laser pulses resulted in some "pumping" of the system into this long-lived state, resulting in an overestimate of its amplitude). These results indicate that a small fraction of molecules are at least partially folded before completion of CO rebinding and that the axial ligands of the heme are histidine and methionine. In 5.6 M Gdn HCl, where almost no folded protein is present at equilibrium (Fig. 1) , the slow CO rebinding phase has all but disappeared. At intermediate times there are contributions from the spectra of at least two different six-coordinate complexes, but the spectra of these complexes must be determined by kinetic modeling.
The similarity of the initial spectral changes and of their kinetics in 4.6 and 5.6 M Gdn HCl suggests that processes occurring in the unfolded protein are dominating at times < 1 ms (Fig. 3) . The most obvious explanation of these results is that photodissociation of the CO opens up the heme site to binding of ligands from the same polypeptide chain, resulting in a competition between intramolecular ligand binding and CO rebinding (Fig. 2) . Fig. 5a shows a specific version of this model. In addition to methionine-80, three other protein ligands can potentially bind on a submillisecond time scalehistidine-26, histidine-33, and methionine-65 (Fig. 2) . There are also 19 lysines, which are potential ligands at equilibrium. However, only the neutral form of lysine is expected to bind to hemes, and we assume that the proton dissociation is too slow to account for the submillisecond processes. To obtain relations among the rates for the various ligands, it is useful to consider the simplest picture of intramolecular ligand binding for an unfolded protein. In this picture, intramolecular ligand binding takes place in two steps-the formation of a loop in the unfolded polypeptide to produce an encounter complex between the protein ligand and the heme, followed by bond formation or dissociation of the complex. Similarly, dissociation takes place by breaking the hemeligand bond to form an encounter complex (also called a geminate complex), followed by dissociation of the complex or rebinding-i.e., ke kb heme ligand = heme ...ligand = heme-ligand
Encounter complex The overall binding rate is the product of the rate of forming the encounter complex and the probability of forming the iron-ligand bond from this complex {kon = ke[kb/(k-e + kb)]}, while the overall dissociation rate is the product of the iron-ligand bond-breaking rate and the probability that the ligand will escape from the encounter complex {koff = k-b[k-e/(k-e + kb)]}. The formation ofthe encounter complex may be considered analogous to forming a contact between two points on a random-coil polymer. For a freely jointed chain, the rate of this contact formation is given by Absolute spectra of photoproduct species. Absolute spectrum of the unphotolyzed sample (A), the spectrum of the immediate photoproduct at =10 ns (B), the average spectrum of the photoproduct between 5 and 700 ms in 4.6 M Gdn-HCI (D; solid curve), and the spectrum of native reduced cytochrome c (D; dashed curve). The native spectrum was measured in the absence of Gdn HCI at 40°C. The photoproduct spectrum B was obtained from the time-resolved difference spectrum by adding the spectrum of the unphotolyzed sample to produce the least distorted spectrum. A similar procedure for photoproduct spectrum D produced a range of spectra very similar to the spectrum of native reduced cytochrome c; the spectrum shown is the one that is most similar. communication). If we naively assume that the unfolded polypeptide has the dynamics of a freely jointed chain, histidine-26 and -33 are predicted to have about the same overall binding and dissociation rates, and methionine-65 and -80 are also predicted to have about the same rates (the N 3/2 dependence predicts that the binding rate for methionine-65 should be 1.5 times the binding rate for methionine-80). Histidine-26 and -33 are assumed to have the same overall binding rate, even though histidine-26 is closer to the heme, because there may be some steric interference from the heme in forming the encounter complex.
Simultaneous fits of the model in Fig. Sa to the 4.6 and 5.6 M Gdn HCl data were performed by requiring that a simulated data set, constructed from the spectra assigned to each of the seven species and the populations of each species produced by solving the set of coupled differential equations that describe the model, provided an optimal least-squares approximation to the complete set of spectra making up the two experimental data sets. The spectrum of A (Fig. Sa) was fixed to be that ofthe equilibrium heme-CO complex (Fig. 4) , the spectrum of B to that of the immediate photoproduct at 10 ns, and the spectrum of D to that of native reduced cytochrome c at 40°C. The spectra of C, E, F, and G correspond to the complexes ofthe heme with methionine-80, methionine-65, histidine-26, and histidine-33 (Fig. Sa) . Two different strategies were used in dealing with these four spectra. In one, they were assumed to correspond to those of model complexes, and in the second they were generated by the fit. Specifically, in fitting the data it was assumed that the spectra of C = E and F = G and that either (i) these spectra corresponded to those of the dimethyl sulfide and imidazole complexes of the unfolded protein, respectively, or (ii) these spectra had the shape of skewed Lorentzians: a{1 + bA + cA2}{kI2/[(A -Ao)2 + 1`2]} in which a, b, c, r, and Ao for each complex were variable parameters in the fit. Constraining the spectra to have the shape of skewed Lorentzians was necessary to ensure that the spectra had physically plausible shapes. This function gives a perfect fit to the spectrum of native reduced cytochrome c. The optimization was accomplished by varying the seven independent rate constants for each data set, as well as the 10 parameters required to describe the spectra of C, E, F, and G, to minimize the sum-of-squared deviations between the simulated and measured data sets.
The results of the fitting are shown in Fig. 5 , and the residuals between the calculated and observed transient spectra are shown in Fig. 3 . The total residuals are 3.6% using the assumed spectra for the methionine and histidine complexes and 2.6% using the generated spectra. The total residuals (including both data sets) are defined as Xt,AjAobs -ACcl/Xt,iAIAobsj, where Aobs is the observed spectral amplitude at a given time (t) and wavelength (A) and Acaic is the amplitude produced by the fit with the model. Although the agreement between the generated spectrum of the histidine complex of the unfolded protein and that of the imidazole complex is excellent, the generated spectrum of the methionine complex, while similar to that of the dimethyl sulfide complex, is red-shifted and has a higher peak extinction coefficient (Fig. 5b) . In spite of these differences, we (Fig.  5a) , even though the histidines are much closer to the heme. The simplest theory for the dynamics of the unfolded polypeptide discussed above predicts that the histidines will form an encounter complex "'10 times faster because they are closer to the heme (Fig. 2) . There are three possible contributions to slowing the histidine binding rates relative to those of the methionines. One is that the rates of forming an encounter complex for the histidines are lower than that predicted by the freely jointed chain theory because of the stiffness of such a short stretch of polypeptide; the second is that the "'electronic" barrier produced by the crossing of potential surfaces of different spin multiplicity (21, (25) (26) (27) An exciting prospect suggested by this study is that photodissociation of the heme-CO complex of reduced cytochrome c can be used to study protein folding directly without any limitation in time resolution. Monitoring the fluorescence of tryptophan-59 (or fluorescent labels) will measure the average distance between this residue (or label) and the heme and, therefore, compaction of at least part of the protein (17, 18) . A comparison of the kinetics of the circular dichroism and fluorescence changes, moreover, should give insight into the relation between secondary structure formation and the formation of compact intermediate structures on the protein folding pathway. Finally, the measurements we have made may have more general applicability once we have determined the rate of forming the encounter complex between the heme and a ligand at a well-defined position of the unfolded polypeptide chain. Folding of proteins without hemes may also be preceded by the formation of transient loops of the polypeptide chain with nonnative contacts between residues or clusters of residues. Also, if nucleation plays a role in protein folding, then the formation of a native contact between two parts of a polypeptide chain would be the first step in such a mechanism (1-7, 28 ).
